A cavity exists between the thorax and abdomen in Pieris brassicae (Lepidoptera: Pieridae) and Pieris rapae crucivora pupae. In this paper, it was investigated whether air swallowing occurs at the pupal ecdysis and the relationship between the swallowed air and cavity formation by MRI measurements of P. brassicae and six other lepidopteran species after pupation. In P. brassicae, air swallowing was observed at the pupal ecdysis with air found in the esophagus immediately after pupation. The size of the air pocket was larger in non-diapause pupae than diapause pupae; however, no marked cavity was found between the thorax and abdomen in both diapause and non-diapause pupae. As time lapsed, the air pocket became smaller and moved towards the abdomen with a reduction in the size of the digestive tract. The air disappeared within 6 to 18 h after pupation. Conversely, the cavity became larger 12 h after pupation in both diapause and non-diapause pupae. Twenty-four hours after pupation, a distinct cavity was formed. The swallowed air appears to be involved in cavity formation. In six lepidopteran species, air was also found in the esophagus immediately after pupation. The size of this air pocket was also larger in non-diapause than diapause pupae in all species with a diapause stage. This is the first paper to describe that lepidopteran species swallow air at the pupal ecdysis and the air pocket is larger in non-diapause pupae than diapause pupae.
INTRODUCTION
The first report that insects swallow air into the digestive tract to aid in ecdysis was described during eclosion in the dragonfly over 130 years ago (de Bellesme, 1877) . The same phenomenon has also been described in many other insect species during ecdysis in a cockroach (Periplaneta americana) (Knab, 1909) , wing extension in the fruit fly (Drosophila obscura) (Eidmann, 1924) , larval ecdysis in the silkworm (Bombyx mori) (Wachter, 1930) , wing extension in a butterfly (Parameis atalanta) (Prell, 1914) , and emergence in mosquitoes (Marshal and Staley, 1932) , such that it is generally confirmed in numerous insects (Cottrell, 1964; Wigglesworth, 1972) ; however, no report has described air swallowing at pupal ecdysis in lepidopteran species.
Recently, we reported that white butterflies Pieris brassicae (Lepidoptera: Pieridae) and P. rapae crucivora have a cavity between the thorax and abdomen in the pupal body that is larger in non-diapause than diapause pupae (Kaneko and Katagiri, 2006) . If air is swallowed into the digestive tract at pupal ecdysis, it is interesting whether a difference exists between diapause and non-diapause pupae and how the cavity relates to the swallowed air since pre-pupae have no internal cavity.
On the other hand, in lepidopteran species at eclosion, air swallowing begins for wing extension after splitting of the pupal cuticle (Cottrell, 1964) , but no report has described air swallowing before rupture of the pupal cuticle (Knab, 1909; Cottrell, 1964) . If air swallowing does not take place before splitting of the pupal cuticle, then it is unclear what force aids rupturing of the hard pupal shell at eclosion.
Nuclear magnetic resonance microimaging (MRI) has been shown to be a suitable tool for investigating the location and size of cavities in pupal insects (Goodman, 1995; Kaneko and Katagiri, 2006) . In MRI measurements, biological tis-sues, including hydrogen, are fixed as white images, but tissues without hydrogen are seen as black images; therefore, cavities are seen as black images and spaces filled with hemolymph as white images. Therefore, the internal body of P. brassicae pupae was observed by MRI after pupation to investigate whether air swallowing takes place at pupal ecdysis, and how the cavity relates to the swallowed air. Six lepidopteran species other than P. brassicae were also observed by MRI after pupation.
MATERIALS AND METHODS
Insects. Four Pieridae species: P. brassicae, P. rapae crucivora, P. napi and Aporia crataegi adherval; two Papilionidae species: P. xuthus and P. machaon and one Noctuidae species: Autographa gamma were used in this study. Eggs and larvae were collected from field host plants and larvae were reared on host plants (P. brassicae, P. rapae crucivora, A. gamma on cabbage; P. napi on Rorippa indica; P. xuthus on Japanese pepper; P. machaon on carrot). A. crataegi adherval prepupae were collected from Malus species trees. Only fresh leaves were supplied and larvae were reared at 20Ϯ1°C under photoperiodic conditions of 9L15D (diapause) and 16L8D (non-diapause). Under these photoperiodic conditions, 100% of P. brassicae (Claret, 1966) , P. rapae crucivora (Kono, 1970) , P. napi (Yata et al., 1979) , P. xuthus (Hidaka and Hirai, 1970) and P. machaon (Shimada, 1983) are diapause or non-diapause pupae. Only non-diapause A. gamma and A. crataegi adherval pupae were used because diapause pupae do not occur.
Diapause-terminated pupae of P. brassicae were also used. To terminate diapause in P. brassicae pupae, seven-day-old diapause pupae were kept at 10°C for 1 d, then at 5°C for 5 d, and finally at 0°C for 6 months (Danilevskii, 1965) .
Observation of pupal ecdysis. Pre-pupae were confined to Petri dishes of 9 cm diameter and 2 cm height, and pupation was observed with a video camera. Pupation began with a crack forming longitudinally in the dorsal cuticle of pre-pupae in the region near the head. This crack extended and the pupal head appeared from the crack. The old cuticle moved in the direction of the cauda with writhing movements of the body. Finally, the exuvium was shed from the cauda. The time of shedding of the exuvium from the cauda was defined as the time of pupation. During video recording, two small red lamps (5 W each) were employed in the dark phase of the photoperiodic cycle.
MRI measurements. MRI measurements were conducted using an AMX-300 NMR spectrometer (Bruker). The experimental conditions were described previously (Kaneko and Katagiri, 2004 ). In P. brassicae, pupae 0 to 2 h, 6 to 18 h and 24 h after pupation were used for the measurements. After cold storage for six months, diapause-terminated pupae were also measured, transferred to 20°C and kept for several days. When the wing could be seen as a white structure through the pupal cuticle, visible just before eclosion, the pupae were used for measurements. In species other than P. brassicae, pupae 1 h after pupation were measured. Pupae 1 to 2 d after pupation were also measured in P. machaon.
Measurement of air volume. For midline longitudinal section images, the ratio of the area of the air pocket to the area of the whole body was calculated. Each pocket and the whole body were cut from printed photographs of the section images and then weighed. The ratio of the weight of each pocket to the whole body was calculated. The shape of the air pocket was a slightly elongated hemisphere in both diapause and non-diapause pupae (Fig. 1a, b, i, j) , no large differences existed between them, and the shapes of diapause and nondiapause pupae are very similar in the same species. Since the above ratio to the power of 3/2 is proportional to the ratio of the air volume to the whole body volume, it can be used to compare the size of the air volume between diapause and nondiapause pupae as an index of the true ratio of the volume. This calculation method for the ratio was applied to air observed in the pupae of P. brassicae and all other species. A t-test was used to determine significant differences between diapause and non-diapause pupae. The number of individuals and levels of significance are shown in Table 1 .
RESULTS
In P. brassicae pupae 0 to 2 h after pupation, air was observed in the esophagus (Fig. 1a, b) . The size of the air pocket was significantly larger in non-diapause than diapause pupae (Table 1) . Air was also clearly seen in the digestive tract. The marked cavity observed later between the thorax and abdomen was not yet visible. Six or twelve hours after pupation, the air had moved towards the abdomen (Fig. 1c, d ). The size of the air pocket decreased with degeneration of the digestive tract (Table 1 ). The size of the cavity between the thorax and abdomen became larger than in pupae 0 to 2 h after pupation. The air disappeared within 12 to 18 h after pupation in non-diapause pupae; however, the air had disappeared from diapause pupae 6 to 14 h after pupation. Twenty-four hours after pupation, the air had disappeared and a marked cavity formed between the thorax and abdomen (Fig. 1e, f) . The size of the new cavity was larger in non-diapause than in diapause pupae.
In other lepidopteran species, Paplio xuthus, Papilio machaon, Pieris rapae crucivora, Pieris napi, Aporia crataegi adherval, Autographa gamma, an air pocket was also found in the esophagus, similar to P. brassicae (Fig. 2) . The size of the air pocket was larger in non-diapause than diapause pupae ( Fig. 2; Table 1 ). In P. machaon, the size of the air pocket was relatively small compared to the size of the whole body in both diapause and non-diapause pupae ( Fig. 2c, i ; Table 1 ). Corresponding to this, the cavity was very small in P. machaon (Fig. 2f, l) .
When eclosion was approaching in diapause-ter-255 Ventral Cavity in Lepidopteran Pupae minated pupae of P. brassicae, the cavity between the thorax and abdomen became very large compared to pupae 1 d after pupation (Fig. 1f , n, h, p). In diapause-terminated pupae just before transfer to 20°C, the size of the cavity was nearly the same as in non-diapause pupae 1 d after pupation (Fig.  1g, o) .
DISCUSSION
Air observed in the esophagus in P. brassicae and pupae of other species was considered to be air swallowed into the digestive tract. Air can clearly be seen in the digestive tract of P. brassicae. Air is nearest to the pupal body surface where the crack forms during the initial step of pupal ecdysis, indicating that air may aid formation of the crack by increasing internal pressure (Fig. 1a, b) .
In view of the process of cavity formation, the following scheme can be proposed. First, air is swallowed into the digestive tract at pupal ecdysis, and then moves towards the abdomen with a reduction in the size of the digestive tract due to air leakage. Finally, the leaked air is assimilated into the cavity located between the thorax and abdomen to form a new cavity.
We previously reported that the size of the cavity between the thorax and abdomen was significantly larger in non-diapause than diapause pupae. This corresponds well with the findings of this study showing that non-diapause pupae swallowed more air than diapause pupae because more air must be swallowed into the digestive tract to form a larger cavity. Cavity formation may be assisted by a decrease in weight due to loss of water and metabolism; however, as this short time (24 h) may be insufficient to form a cavity only by loss of water and metabolism, lepidopteran species appear to vary the size of the cavity by varying the volume of swallowed air. In Papilio machaon, the size of the air pocket was very small relative to the whole body size, so the cavity was very small. If the cavity is formed only by the loss of water and metabolism, non-diapause pupae of P. machaon should have larger cavities than observed, unless the metabolism of P. machaon is extremely low. This also strongly suggests that the swallowed air is involved in cavity formation. The air pocket was larger in non-diapause than diapause pupae of four lepidopteran species as well as P. brassicae, indicating that this phenomenon may be generally the same in lepidopteran pupae.
The cavity can be considered, in a sense, as an outer space although it is inside the body, because only thin layers of cuticle and wing tissue separate the cavity from the outside. In the cavity, thin lay- ers of cuticle and wing tissue contact with gas and vapor in the body, not with liquid. Since the mobility of vapor is greater than liquid, penetration of water through the cuticle and wing tissue in the cavity will be larger when in contact with gas and vapor than with liquid. The larger the cavity becomes, the larger the evaporation area of the body and the area in which the cavity contacts the cuticle and wing tissue; therefore, the size of the cavity appears to influence the rate of water loss, and consequently, drought resistance of pupae. In the long diapause period of winter, pupae must survive desiccation as well as cold. If the cavity is large, resistance to drought will diminish and the survival rate will decrease. Small cavities appear to be advantageous for overwintering in diapause pupae. On the other hand, as a cavity will become very large just before eclosion, the larger cavity in nondiapause pupae than diapause pupae may be favorable to reduce the period until eclosion (Fig. 1h, p) .
Air swallowing is not observed in the ecdysis from pupae to adults of lepidopteran species (Knab, 1909; Cottrell, 1964; Feltwell, 1982) . In P. brassicae diapause-terminated pupae just after cessation of cold storage, a cavity of nearly the same size as that of non-diapause pupae one day after pupation was observed (Fig. 1g, o) . Moreover, a much larger cavity was found in the pupae just before eclosion after transfer to 20°C for several days (Fig. 1h, p) . This cavity distention is supposed to be the result of metabolism and water loss during the cold-storage and developmental period after transfer to 20°C. A very large cavity just before eclosion may indicate the possibility that it aids ecdysis instead of swallowing air into the digestive tract at eclosion in lepidopteran species. This is because lepidopteran adults cannot swallow a sufficient amount of air at one time at eclosion due to the property of their mouth parts, as well as the pupal cuticle which covers the body. At eclosion, a lepidopteran adult swings its head and thorax in the dorso-abdominal direction just before splitting of the pupal cuticle. As a result, the cuticle splits from the head to the thorax on the ventral side, along the splitting lines described by Henriksen (1931) . The swinging of an adult body will be made easier by a large cavity between the thorax and abdomen, because the head and thorax will be more mobile around the constricted part of the body caused by the large cavity.
